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Cereal endosperm is a highly differentiated tissue containing specialized organelles for
the accumulation of storage proteins, which are ultimately deposited either within protein
bodies derived from the endoplasmic reticulum, or in protein storage vacuoles (PSVs).
During seed maturation endosperm cells undergo a rapid sequence of developmental
changes, including extensive reorganization and rearrangement of the endomembrane
system and protein transport via several developmentally regulated trafﬁcking routes.
Storage organelles have been characterized in great detail by the histochemical analysis
of ﬁxed immature tissue samples. More recently, in vivo imaging and the use of
tonoplast markers and ﬂuorescent organelle tracers have provided further insight into the
dynamic morphology of PSVs in different cell layers of the developing endosperm. This is
relevant for biotechnological applications in the area of molecular farming because seed
storage organelles in different cereal crops offer alternative subcellular destinations for
the deposition of recombinant proteins that can reduce proteolytic degradation, allow
control over glycan structures and increase the efﬁcacy of oral delivery. We discuss how
the specialized architecture and developmental changes of the endomembrane system in
endosperm cells may inﬂuence the subcellular fate and post-translational modiﬁcation of
recombinant glycoproteins in different cereal species.
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INTRODUCTION
The endosperm is a short-lived tissue adapted for nutrient storage,
which is found in both dicotyledonous and monocotyledonous
seeds. However, its relative contribution to the mass of the mature
seed varies greatly in different species. In cereals, the endosperm
occupies the major part of the seed and consists of starchy inner
endosperm cells, which are dead at the time of fullmaturation, and
one or several outer layers of living aleurone cells, which secrete
the enzymes needed to break down reserves following germination
(Young and Gallie, 2000).
The endomembrane system of the developing cereal
endosperm is clearly inﬂuenced by its functional specializa-
tion. Storage protein synthesis requires a highly active and
well-developed endoplasmic reticulum (ER), and different types
of storage organelles are rapidly formed during endosperm
development to accommodate various types of storage pro-
teins (Muntz, 1998; Shewry and Halford, 2002). ER-derived
protein bodies mostly contain prolamin aggregates, whereas
protein storage vacuoles (PSVs) tend to accumulate differ-
ent storage protein classes, typically in separate phases, and
often incorporate the content of ER-derived storage bodies
(Shewry et al., 1995; Galili, 2004; Tosi et al., 2009). At the
peak of storage protein production, programmed cell death
occurs in the inner endosperm to generate a starchy endosperm
core. In the surrounding aleurone cells, PSVs are converted
into lytic vacuoles as germination commences (Bethke et al.,
1998) and programmed cell death is delayed until a few days
later.
To accommodate this sequence of intracellular changes in
developing and germinating seeds, the endomembrane system
must be extremely ﬂexible and capable of rapid morphological
and functional adaptation. Seed development and germination
are therefore ideal platforms to study endomembrane plasticity
and reshaping, and to follow the transition from PSV to lytic
vacuole, representing a shift between resource accumulation and
redistribution.
Techniques that allow the real-time visualization of membranes
and organelle markers within the endosperm tissue are particu-
larly suitable for this type of analysis because they provide insight
into membrane dynamics during seed development and germina-
tion. For example, several transgenic cereal lines are now available
expressing ﬂuorescent subcellular markers and tagged or mutated
storage proteins (Mohanty et al., 2009; Onda et al., 2009; Tosi et al.,
2009; Ibl et al., 2014; Oszvald et al., 2014) and other ﬂuorescent
probes have been developed that can track organelles in living
cells and report the subcellular organization and dynamics in vivo
(Landrum et al., 2010). These techniques can be combined with
transcriptional analysis and proteomics, which help to identify the
molecular regulators for storage organelle development in cereals
(Walley et al., 2013).
The mechanisms of protein trafﬁcking and deposition in cereal
endosperm can also be investigated using recombinant proteins,
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particularly glycoproteins (Stoger et al., 2005a; He et al., 2012;
Wakasa and Takaiwa, 2013). Seeds are an attractive platform for
the production of high-value recombinant pharmaceutical pro-
teins, an approach known as molecular farming, because the
specialized storage organelles allow such proteins to accumulate to
high concentrations in small-volume compartments that contain
molecular chaperones and disulﬁde isomerases to facilitate pro-
tein folding and maintain stability (De Jaeger et al., 2002; Stoger
et al., 2005a; Ramessar et al., 2008a). This supportive intracellu-
lar environment means that the recombinant proteins are inert,
and can be stored for long periods of time in the form of dry
seeds without losing stability or activity. The accumulation of
inert proteins in seeds also allows the expression of toxic pro-
teins because these are inactive and are not expressed in vegetative
tissues and therefore they do not impact on plant growth and
development. The accumulation of proteins is also boosted by
the triploid genome and the several rounds of endoreduplication
that occur in the endosperm, thus increasing the effective num-
ber of transgene copies (Sabelli and Larkins, 2009). On this basis,
many recombinant proteins have been produced successfully in
cereal seeds, including commercial products such as lactoferrin,
lysozyme, and human serum albumin (HSA) produced in rice
by Ventria Bioscience (Fort Collins, CO, USA; Ramessar et al.,
2008b; He et al., 2011b) and human growth factor for cosmetic
use produced in barley byORFGenetics (Iceland; Erlendsson et al.,
2010).
Storage organelles in cereal seeds provide a clear advantage for
the production of recombinant proteins, but the plasticity and
remodeling of endomembrane organelles affect the accumulation
and modiﬁcation of proteins and so a better understanding of
species-dependent and development-speciﬁc factors is needed to
optimize cereal seeds for molecular farming applications. In this
review article, we summarize the key features of the endomem-
brane organelles in major cereal species, and address the issues of
cargo trafﬁcking to these organelles in the developing endosperm
of cereal species, endomembrane reshaping, and vacuolar tran-
sition during development and germination. Finally, we discuss
how these endosperm-speciﬁc features affect the production of
recombinant glycoproteins in plants.
STORAGE ORGANELLES AND ENDOMEMBRANE TRAFFIC IN
DIFFERENT CEREAL SPECIES
The endomembrane system in the developing cereal endosperm
is highly specialized to accommodate different storage proteins,
and differences are observed between cereal species. A representa-
tive endosperm cell from each of the four major cereals is shown
in Figure 1. The vacuolar storage compartment can be identi-
ﬁed easily in wheat (Figure 1A) and barley (Figure 1B) because
large prolamin deposits are found in a central vacuole. In contrast,
rice and maize endosperm cells do not have a single prominent
protein storage site. Rice endosperm cells uniquely separate glob-
ulins and prolamins into separate compartments: globulins are
sorted into numerous small PSVs whereas prolamins accumulate
in ER-derived protein bodies (Figure 1C). Both compartments are
evenly distributed within the endosperm cell cytoplasm. Maize,
like wheat and barley, predominantly stores prolamins, which in
this species are known as zeins. These form highly conserved pro-
tein bodies derived from the ER (Lending et al., 1989) and ﬁll up
the cytoplasm of endosperm cells together with a small number
of vacuolar compartments that accumulate globulins (Woo et al.,
2001; Arcalis et al., 2010; Figure 1D).
SECRETION VS. STORAGE IN ENDOSPERM CELLS
The endosperm tissue of many plants is composed of uniform,
living reserve cells that secrete hydrolytic enzymes to degrade the
endosperm cell walls, allowing the radicle to emerge during ger-
mination. In contrast, cereal endosperm contains a core of mature
starchy endosperm cells that are already dead before germination,
and the enzymes that break down reserves are secreted by the cells
in the aleurone layer (Leubner-Metzger et al., 1995; Nonogaki and
FIGURE 1 | Comparison of endosperm cells from the subaleurone layer
at mid-maturation stage in wheat (A), barley (B), rice (C), and maize (D).
Semithin sections (1 μm in thickness), stained with toluidine blue for light
microscopy (Arcalis et al., 2004). (A)Wheat endosperm cells show a
predominant, large central PSV. Note the huge prolamin aggregates stained in
light blue (*) and the scarce globulin (triticin) bodies stained in dark blue at the
periphery of the prolamins. Several smaller vacuolar compartments containing
prolamins can also be observed (arrows), and well developed endoplasmic
reticulum (ER) and abundant spindle like starch grains (s). (B) Barley
endosperm cells show abundant protein deposits forming a multiphasic
protein body (see the different shades of blue), habitually within a PSV. Note
the abundant ER, the spheroidal starch grains (s) and an apoptotic nucleus (n).
(C) Rice endosperm cells are the smallest depicted in this ﬁgure. Rice
endosperm accumulates mainly glutelins in protein storage vacuoles (arrows).
Note the abundant PSVs containing a blue stained inclusion, normally close to
the tonoplast and the spherical, densely packed prolamin bodies or PB-I
(arrowheads). Starch (s). (D) Maize endosperm stores mainly prolamins in
ER-derived protein bodies (zein bodies). Zein bodies (arrowheads) reach a
diameter of 1 μm, are very abundant and appear evenly spread within the
cytoplasm. Several storage vacuoles can be also observed (arrows) either
completely ﬁlled or with peripherical protein deposits. Starch grains (s) are
spheroidal and similar in size to the PSVs. Scale bar equals 10 μm.
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Morohashi, 1996; Chen and Bradford, 2000; Brown and Lemmon,
2007). Secretory activity is therefore less likely in the starchy cereal
endosperm, as has indeed been reportedwhen cereal seeds are used
for the expression of recombinant proteins. Recombinant proteins
such as fungal phytase and the HIV-neutralizing antibody 2G12,
carrying a signal peptide directing them to the endomembrane sys-
tem but no further targeting signal, were shown to be transported
to the PSV via the Golgi apparatus as evidenced by immuno-
electron microscopy and glycan analysis in wheat, rice, and maize
(Arcalis et al., 2004,2010; Drakakaki et al., 2006; Peters et al., 2013).
The same phytase protein, carrying the same targeting informa-
tion, was secreted to the apoplast in leaves of transgenic rice plants
(Drakakaki et al., 2006). These results suggest that the ﬁnal desti-
nation for otherwise secreted proteins in the cereal endosperm is
the PSV, although it is also possible that signal sequences are rec-
ognized and interpreted differently by cereal leaf mesophyll and
seed endosperm cells.
TRANSPORT BETWEEN THE ER AND PSV
The tracking of proteins in different storage compartments has
shown that the PSVs in cereal endosperm cells are not simply post-
Golgi compartments. Prolamins such as wheat glutenins, barley
hordeins and oat avenins are initially deposited in ER-derived
protein bodies, but later they are also found in thePSVs (Cameron-
Mills and Wettstein, 1980; Lending et al., 1989; Rechinger et al.,
1993; Shewry et al., 1995; Galili, 2004; Tosi et al., 2009; Ibl
et al., 2014). How they get there is a matter of controversy, but
it appears that both Golgi-dependent and Golgi-independent
routes are involved. Levanony et al. (1992) initially suggested,
based on a series of electron micrographs, that ER-derived pro-
lamin bodies in wheat endosperm are eventually incorporated
in the PSV through an autophagy-like process that bypasses the
Golgi apparatus. This is supported by the presence of inter-
nal membranes in barley endosperm PSVs, including ER-derived
membranes associated with individual and clustered protein bod-
ies, suggesting that also hordein transport to the PSV at least
partially bypasses the Golgi (Ibl et al., 2014). Ectopic zein bod-
ies are also sequestered into PSVs in tobacco endosperm cells
(Coleman et al., 2004). Reyes et al. (2011) proposed a Golgi-
independent, autophagy-like route for the vacuolar delivery of
zeins based on the presence of pre-vacuolar compartments that
would sequester zein bodies and deliver them to the PSV in
aleurone cells. Although the lipidation of ATG8 was observed,
which is consistent with the macroautophagic mechanism (Klion-
sky et al., 2008; Rubinsztein et al., 2009; Chung et al., 2010),
there was no subsequent vacuolar degradation of lipidated ATG8,
indicating that the vacuolar delivery of zeins to the PSVs of
maize aleurone cells does not use the typical ATG8-dependent
macroautophagic process, but rather an atypical autophagy-
like sequence of events (Aamodt et al., 2011). As an alterna-
tive to this model, Rogers (2011) proposed a mechanism by
which membrane-containing vesicles bud from the ER as pre-
vacuolar organelles that subsequently deliver materials into the
PSV, which has been documented in dicots (Oufattole et al.,
2005).
The direct route from the ER to PSVs in seeds involves a lot of
trafﬁc. Torres et al. (2001) reported the presence of the ER-resident
molecular chaperone calreticulin in the rice endosperm PSV,
providing evidence for a Golgi-independent pathway. Accord-
ingly, KDEL-tagged recombinant proteins are often found at
least partially in PSVs, e.g., a single chain antibody fragment
(scFv) in rice (Torres et al., 2001) and HSA in wheat (Arcalis
et al., 2004). The direct ER-to-PSV transport of recombinant
proteins has also been reported in dicot seeds (Petruccelli et al.,
2006; Floss et al., 2009; Loos et al., 2011a; Morandini et al., 2011;
Arcalis et al., 2013). The endogenous KDEL-tagged proteinase
sulfhydryl-endopeptidase (SH-EP) behaves in a similar manner
in the cotyledons of germinating mung bean seeds (Toyooka et al.,
2000; Okamoto et al., 2003), and storage protein precursors in
pumpkin seeds are delivered to PSVs in precursor-accumulating
(PAC) vesicles (Hara-Nishimura et al., 1998). PAC-like vesicles
have also been described in rice endosperm by Takahashi et al.
(2005). They are larger than the PAC vesicles in pumpkin seeds but
they also arise directly from the ER and contain storage proteins
destined for the PSV, such as glutelins and globulins (Takahashi
et al., 2005). Viotti (2014) recently speculated that PAC vesicles
may be the precursors of PSVs that slowly acquire their ﬁnal size
and identity via Golgi-mediated and post-Golgi-mediated trans-
port, similar to the transition from pro-vacuoles to lytic vacuoles
(Viotti et al., 2013; Viotti, 2014). Indeed, the main vacuolar pro-
ton pumps (H+-ATPase, VHA-a3 and H+-PPase AVP1) appear
to follow a Golgi-independent route from the ER to the PSV in
Arabidopsis seeds (Viotti et al., 2013), and alpha-TIP may follow
the same, brefeldin A (BFA)-insensitive route. Considering this
possibility, the trafﬁcking of storage proteins and the relation-
ships between the different storage compartments in cereal seeds
could be reinterpreted, well in line with a model proposed earlier
for barley aleurone PSVs (Bethke et al., 1998). In this model, it
has been proposed that the ER membrane producing the neutral
lipid may also serve as the site of storage protein accumula-
tion and could mature into a PSV, supported by the observation
that oleosomes forming on the surface of the ER are later found
surrounding PSVs.
DEVELOPMENTAL CHANGES OF PROTEIN TRAFFICKING ROUTES
A number of studies have suggested that the intracellular trafﬁck-
ing and distribution of storage proteins may change during seed
development (Shy et al., 2001; Vitale and Hinz, 2005; Tosi et al.,
2009). Accordingly, the fates of the recombinant glycoprotein
phytase, and the endogenous vacuolar corn proteins legumin-
1 (CL-1) and α-globulin (CAG), were found to change during
maize endosperm development (Arcalis et al., 2010). All three
proteins were found in the PSVs during early development as
expected, but closer to maturity they were found at the periph-
ery of the ER-derived zein bodies. In the case of recombinant
phytase, the switch in localization was accompanied by a switch in
the glycan proﬁle, consistent with a stage-dependent protein traf-
ﬁcking behavior comprising a Golgi-dependent pathway to the
PSVs in younger cells switching to the deposition in ER-associated
compartments later. There was also a signiﬁcant reduction in
the number of PSVs during development (Arcalis et al., 2010),
suggesting a net decrease in number or a change in appearance
reﬂecting the different content. There was no signiﬁcant decline
in the number of Golgi organelles in developing maize, although
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in wheat the number of transcripts representing Golgi-associated
proteins was shown to decline during seed maturation (Shy et al.,
2001).
The endomembrane system of specialized and transient tissues
such as endosperm should therefore not be considered as a static
and rigid structure, but rather as a plastic and dynamic system that
involves interactions between organelles and changes in protein
trafﬁcking to fulﬁll distinct developmental functions.
SPATIOTEMPORAL MORPHOLOGICAL CHANGES OF
STORAGE ORGANELLES IN CEREAL SEEDS
ARCHITECTURAL CHANGES IN THE ENDOMEMBRANE SYSTEM
DURING DEVELOPMENT AND GERMINATION
The massive reorganization of the endomembrane system dur-
ing seed development involves signiﬁcant morphological changes
to the endosomal and storage organelles (Hoh et al., 1995; Wang
et al., 2010; Ibl et al., 2014). The observation of in vitro transgenic
maize endosperm cultures has shown that the ER changes from its
typical reticulated distribution pattern into amore punctate archi-
tecture during the development of both starchy endosperm and
aleurone cells, probably representing the formation of ER-derived
protein bodies (Aamodt et al., 2011). In barley, the aleurone ER
remains predominantly reticulated, whereas prominent protein
bodies appear in the subaleurone and central starchy endosperm
ERs (Ibl et al., 2014). In the germinating grain, the synthesis of
secretory proteins in the living aleurone cells is accompanied by
the proliferation of the ER to form stacks, an increase in the size
and complexity of the Golgi apparatus, a reduction in the number
of oleosomes and an increase in the number of glyoxysomes and
mitochondria (reviewed by Fath et al., 2000).
Conventional studies of subcellular structures, intracellular
pathways and protein storage organelles in cereal seeds involve
the acquisition of static images based on immunoﬂuorescence
and electron microscopy (Cameron-Mills and Wettstein, 1980;
Arcalis et al., 2004, 2010; Gubatz et al., 2007; Holding et al., 2007;
Fukuda et al., 2013; Tian et al., 2013). This reveals little about
the dynamic restructuring events during endospermdevelopment,
which have to be inferred from samples at different developmen-
tal stages. However, ﬂuorescent membrane markers can be used
to follow the dynamic morphological changes in situ by live cell
imaging. This was reported in the context of barley endosperm
development, comparing PSVs in the aleurone, subaleurone and
central starchy endosperm layers (Ibl et al., 2014). Whereas the
spherical PSVs in the aleurone remain constant, those in the sub-
aleurone and central starchy endosperm cells undergo substantial
but cell type-speciﬁc morphological changes. In both the sub-
aleurone and central starchy endosperm cells, the PSVs initially
appear as large compartments. In the subaleurone, they subse-
quently go through cycles of fusion and rupture, ﬁrst allowing
the protein bodies to form larger, composite aggregates within
the vacuole, and ﬁnally producing unconﬁned protein bodies
and ER-derived as well as TIP3-labeled membrane fragments
(Figures 2A,B). In contrast, PSVs in the starchy endosperm
become smaller so that the protein bodies are tightly enclosed,
and later in development some of the PSV membranes lose
their integrity. This membrane degeneration may be induced
by the desiccation process. The aleurone is protected against
desiccation-induced injury (Stacy et al., 1999) but membrane
dehydration may contribute to the dynamic behavior of mem-
branes in the starchy endosperm due to the physical impact on
FIGURE 2 |TIP3-GFP-labeled PSVs contain protein bodies and are
involved in fusion and rupture in barley endosperm. (A) TIP3-
GFP-labeled PSVs comprise large protein bodies stained with ER-TrackerTM
red (asterisks). Note the three-dimensional surface rendering (and the
magniﬁed inset) of 16 sections with a step size of 0.5 μm. (B) Live cell
imaging of TIP3-GFP-labeled PSVs show fusion (a′) and collapse (b′)
processes in the subaleurone at 10 DAP. Note the presence of
TIP3-GFP-labeled vesicles (a′, arrowheads) after PSV fusion (a′, arrows).
Images were acquired every 6 s. Scale equals 5 μm. Figure partially
reproduced from Ibl et al. (2014).
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membrane lipids, including demixing, ﬂuid-to-gel phase tran-
sition, increasing cytosolic viscosity, protein denaturation, and
membrane fusion (Bryant et al., 2001; Hoekstra et al., 2001). In
rice endosperm, the synthesis of large amounts of disulﬁde-rich
storage proteins during seed development is accompanied by the
production of H2O2, which causes the peroxidation of membrane
lipids (Onda et al., 2009). This promotes lipid chain fracture,
which alters intrinsic membrane properties such as ﬂuidity and
permeability, ﬁnally leading to the leakage of small molecules and
electrolytes (Sattler et al., 2006; Onda et al., 2009; Sharma et al.,
2012). Notably, mutant rice seeds that cannot produce normal
amounts of sulfhydryl groups generate less H2O2 and desiccate
more slowly than wild-type seeds (Onda et al., 2009). The pro-
duction of H2O2 in the ER of endosperm cells may also induce
programmed cell death during seed desiccation and maturation
(Onda, 2013).
THE ALEURONE AS A STORAGE TISSUE
In addition to providing hydrolases for the breakdown of reserves
in the starchy endosperm, the aleurone is also a storage tissue in its
own right (Ritchie et al., 2000). Aleurone cells are ﬁlledwith spher-
ical PSVs that retain a constant appearance during endosperm
development (Cameron-Mills and Wettstein, 1980; Bethke et al.,
1996; Ibl et al., 2014). PSVs in the barley aleurone contain stor-
age proteins, phytate (which is rich in phosphorus, potassium
and magnesium) as well as storage carbohydrates (Jacobsen et al.,
1971). In situ hybridization, RT-PCR and immunoblot analyses
have shown that zein transcripts and proteins are present in the
aleurone (Woo et al., 2001; Aamodt et al., 2011). Subcellular local-
ization studies have revealed the presence of zeins, α-globulin and
legumin-1 in maize aleurone cells at 18 and 22 days after polli-
nation (DAP), predominantly as large inclusions within PSVs and
small ER-derived protein bodies (Aamodt et al., 2011). As reported
for the barley aleurone, PSVs and lipid bodies occupy most of
the aleurone cellular volume in maize, along with multi-vesicular
bodies (MVBs) anddouble-membrane autophagosome-like struc-
tures. Electron tomography has shown that aleurone cells at 22
DAP also contain one or more globoids (crystals of phytic acid
salts) and a large system of intravacuolar membranes, possibly
derived from the ER (Aamodt et al., 2011). Moreover, typical ER-
resident proteins were detected in the PSVs (Aamodt et al., 2011).
The dynamic analysis of the intravacuolar membrane system and
the zein-rich inclusions in the maize aleurone revealed develop-
mental changes in the PSV size, the total membrane surface area
and the percentage corresponding to the intravacuolarmembranes
(Aamodt et al., 2011). The PSVs were smaller and more homoge-
nous at 14 DAP compared to 22 DAP. The total membrane surface
area declined by ∼50% during this interval, whereas zein-rich
inclusions occupied almost 10-fold more of the PSV lumen at 22
DAP (Aamodt et al., 2011). The content and intravacuolar mem-
brane system of maize aleurone PSVs therefore appears exquisitely
dependent on the developmental stage.
MORPHOLOGICAL CHANGES WITHIN THE ALEURONE DURING
GERMINATION
Following imbibition, the embryo releases gibberellic acid (GA3),
which diffuses into the aleurone layer and induces the highly
differentiated and specialized aleurone cells to synthesize and
secrete digestive enzymes that subsequently mobilize the insoluble
reserves in the starchy endosperm (Ritchie et al., 2000). During
this process, the aleurone cells break down their storage proteins
and use the resulting amino acids to synthesize a spectrum of
hydrolases (Jones and Jacobsen, 1991; Bethke et al., 1998). After a
few days, the storage reserves of the endosperm are depleted and
the aleurone cells die.
The process is accompanied by profound morphological
changes in the endomembrane system of aleurone cells (Jacob-
sen et al., 1985). De-embryonated half-grains, isolated aleurone
layers and aleurone protoplasts were used to study the responses
of cereal aleurone cells to hormones and to understand molecular
and cellular aspects of signaling and regulation in the aleurone
(reviewed by Ritchie et al., 2000; Bethke and Jones, 2001).
Barley aleurone protoplasts treatedwithGA3 undergo dramatic
morphological changes. Freshly isolated aleurone protoplasts con-
tain many small PSVs, but 4 days of hormone treatment causes
them to coalesce into one large central PSV (Jacobsen et al., 1985;
Bush et al., 1986; Swanson and Jones, 1996; Fath et al., 1999). This
GA3-dependent vacuolation process correlates strongly with the
duration of GA3 treatment and is completed after 5 days of incu-
bation (Bethke and Jones, 2001; Hwang et al., 2005). Granules
within the vacuoles accumulate in larger numbers as the vacuoles
increase in size. These morphological changes reﬂect a functional
transition fromnutrient-storing compartments to lytic organelles.
Noninvasive measurements of the vacuolar pH in barley aleurone
protoplasts showed that protoplasts respond to GA3, acidifying
the vacuole lumen in the course of a few hours from pH 6.6 to
5.8 or below (Swanson and Jones, 1996; Swanson et al., 1998).
The cells also showed an abrupt loss of membrane integrity (Fath
et al., 2000). The prolonged incubation of aleurone protoplasts
with GA3 was lethal.
Interestingly, gene expression proﬁling studies show that GA3
and abscisic acid (ABA) are both synthesized during seed matu-
ration and germination and build a possible interaction network
during seed germination (Sreenivasulu et al., 2006, 2008). GA3
and ABA signals also appear to inﬂuence the activity of a subset
of stored proteases and the expression of further proteases and
cell wall-loosening enzymes during grain maturation and ger-
mination. ABA antagonizes the events induced by GA3 in the
aleurone at many levels, indicating a sensitive balance between
these hormones involving a spatiotemporal interaction network
of key regulators involved in storage organelle dynamics. Isolated
aleurone protoplasts and layers have been used to study aleurone
characteristics, especially the roles of GA3 and ABA in the regu-
lation of vacuolar dynamics (Swanson and Jones, 1996; Swanson
et al., 1998). Even if the same cellular events occur in imbibed
whole grains and GA3-treated aleurone layers or protoplasts, the
timing of events is faster in isolated aleurone layers and proto-
plasts and the model is simpliﬁed by the absence of interacting
tissues and the application of GA or ABA, rather than their spa-
tiotemporal ratios found in vivo (Bethke and Jones, 2001). The
characteristics of aleurone protoplasts may also vary according to
culture conditions (Jacobsen et al., 1985). These aspects emphasize
the importance of conﬁrming that results obtained using isolated
cell cultures are also relevant in intact seeds.
www.frontiersin.org September 2014 | Volume 5 | Article 439 | 5
Arcalis et al. Organelle dynamics in cereal seeds
IDENTIFYING MOLECULAR REGULATORS OF STORAGE ORGANELLE
BEHAVIOR
As discussed above, the dynamic behavior of storage organelles
in cereal seeds strongly indicates the presence of a spatiotem-
poral regulatory network (Figure 3). Transcriptomics and pro-
teomics have been instrumental in many areas of cereal research
(reviewed by Pechanova et al., 2013). One opportunity to iden-
tify the molecular regulators of storage organelle-reshaping events
is the transcriptional and/or proteomic analysis of developing
and germinating seeds, to build an atlas of proteotypes. This
has recently been reported for maize seeds, resulting in an atlas
comprising ∼14,000 proteins (Walley et al., 2013). Total pro-
tein was extracted from dissected maize seeds at seven stages
of development, including separated embryo, endosperm and
aleurone/pericarp tissues. Normalized and averaged data showed
that peptide homologs of Arabidopsis TIP3 were minimally
expressed in the endosperm after 12 DAP, but increased in
the endosperm and in the aleurone/pericarp tissue by 27 DAP.
Similarly, the comparative transcriptional analysis of two tis-
sue fractions during barley grain maturation, desiccation and
germination (starchy endosperm/aleurone vs. embryo/scutellum)
revealed that TIP3 expression increases steadily duringmaturation
and declines steadily throughout germination (Sreenivasulu et al.,
2008). Because the storage endosperm dies during late matura-
tion, any increase in transcript abundance in this fraction during
germination must depend on RNA that is newly synthesized in the
aleurone (Sreenivasulu et al., 2008).
Precise sampling for the more speciﬁc spatial analysis of
expressed proteins is challenging and a system that can differen-
tiate between aleurone and starchy endosperm cells is necessary.
Laser microdissection (LMD) overcomes the heterogeneous dis-
tribution of different tissues and cells by allowing spatially resolved
sampling of individual cells, cell populations or tissues (Fang
and Schneider, 2013). This approach was recently used for the
tissue-speciﬁc transcriptomic analysis of barley seeds, allowing the
detection of transcriptional networks in the context of endosperm
development (Thiel et al., 2011). In combination with studies
using transgenic lines with ﬂuorescent marker proteins for cellular
compartments, LMD-based transcriptomics provides a promising
strategy to investigate the spatiotemporal regulation of storage
organelle dynamics.
Recent developments in high-resolution, two-dimensional gel
electrophoresis (2DE), multidimensional liquid chromatography
and mass spectrometry (MS) have also helped to character-
ize the dynamic cereal seed proteome, e.g., in maize (Mechin
et al., 2004) and barley (Finnie et al., 2004; Finnie and Svensson,
2009). Specialized extraction procedures allow the enrichment
of enzymes and other proteins that control seed metabolism
and storage product mobilization, in some cases allowing selec-
tive extraction from speciﬁc tissues and compartments such as
the aleurone plasma membrane and starch granule proteomes in
barley (Boren et al., 2004; Hynek et al., 2006). The resulting spa-
tiotemporal proﬁling of the barley seed proteome during grain
ﬁlling and germination allowed proteins to be assigned to dis-
tinct functional categories (Finnie and Svensson, 2003; Bonsager
et al., 2007; Finnie et al., 2011). In maize, the availability of dif-
ferent mutants has facilitated proteomic analysis (Damerval and
Devienne, 1993).
More insight into the dynamic nature of the seed proteome
has been gained using comparative proteomics, and particularly
quantitative proteomics. For example, comparative 2DE has been
used to study the time course of protein mobilization during rice
seed germination, revealing that germination causes the radical
reprogramming of the proteome, not only by consuming protein
reserves but also rebuilding defense pathways and inducing mor-
phological changes (Yang et al., 2007; He et al., 2011a). Isobaric
tags for relative and absolute quantiﬁcation (iTRAQ) has been
used to determine precise quantitative changes in the proteome
during seed development (Lan et al., 2011; Owiti et al., 2011), and
the same technique has been combined with multiple reaction
monitoring (MRM) and gene ontology (GO) classiﬁcation to pro-
ﬁle the rice embryogenesis-dependent proteins, thus providing a
dataset that could be used to investigate the molecular basis of rice
embryogenesis (Zi et al., 2013).
FIGURE 3 | Schematic overview of the spatiotemporally regulated
dynamics of storage organelles in cereal seeds during development and
germination.The spherical PSVs in the aleurone remain constant throughout
seed maturation. Note the presence of zein-rich protein inclusions (asterisk)
and intravacuolar membranes (indicated as short black lines). Upon
germination, GA3-dependent vacuolation results in the formation of one large
central vacuole and secondary lytic vacuoles. The dramatic change from
nutrient-storing compartments to lytic organelles is indicated by different
shadings. In the subaleurone, large PSVs turn into smaller, spherical
structures enclosing protein bodies (gray), followed by vacuolar fusion
resulting in the formation of larger, composite protein bodies. The surrounding
membranes gradually lose their integrity (indicated by broken lines). In the
central starchy endosperm, the large PSVs containing protein bodies (gray)
are shrinking. At later developmental stages, the protein bodies are tightly
enclosed by PSV membranes, which degenerate during development, leaving
protein bodies with no continuous PSV membrane or no membrane at all.
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RECOMBINANT PROTEIN PRODUCTION IN CEREAL
ENDOSPERM
UNUSUAL TRAFFICKING BEHAVIOR OF RECOMBINANT PROTEINS
Protein trafﬁcking and organelle reshaping can also be investigated
by looking at the behavior of recombinant proteins, including
storage proteins fused to ﬂuorescent tags (Tosi et al., 2009; Saito
et al., 2012; Shigemitsu et al., 2013; Wakasa and Takaiwa, 2013) or
foreign proteins that have been produced in the context of molec-
ular farming. Endogenous glycoproteins are rarely found in the
endosperm (Woo et al., 2001) and are difﬁcult to follow due to the
lack of appropriate detection antibodies, so recombinant glyco-
proteins are particularly useful because they can be traced through
intracellular pathways by immunolocalization and by characteriz-
ing their glycanmodiﬁcations (Drakakaki et al., 2006; Arcalis et al.,
2010).
A better understanding of the peculiar rules of protein trafﬁck-
ing in the cereal endosperm is also desirable for the production
of valuable recombinant proteins such as pharmaceuticals, which
need to be produced in a predictable and homogeneous form
(Stoger et al., 2014). Targeting sequences that have been shown
to work in vegetative plant organs do not always guarantee the
predictable trafﬁcking of recombinant proteins to a given com-
partment in cereal endosperm cells (Arcalis et al., 2004; Takaiwa
et al., 2009; Wakasa and Takaiwa, 2013). For example, the same
protein may be secreted from rice leaf cells, but sequestered in
PSVs within the endosperm (Drakakaki et al., 2006). The addi-
tion of a KDEL signal usually targets proteins to the ER lumen
in vegetative tissues, but in the endosperm the ﬁnal destination
appears to differ by species and protein, such as in the case of
endogenous prolamins accumulating in the ER and ER-derived
protein bodies in rice (Wakasa and Takaiwa, 2013) and maize
(Rademacher et al., 2008), or in the PSVs of wheat endosperm
(Arcalis et al., 2004). Storage protein fusions usually accumulate
in predictable compartments, i.e., protein bodies or PSVs (Sugita
et al., 2005;Wakasa andTakaiwa,2013). Storage organelles are gen-
erally a desirable target site for recombinant proteins because they
have evolved to facilitate stable protein accumulation and thus
offer a protective environment for recombinant proteins, which
can remain stable in dry cereal seeds at ambient temperatures for
several years (Stoger et al., 2005b). Secondly, the accumulation
of recombinant proteins into storage organelles can protect the
protein not only from degradation within the plant cell but also
beyond harvest. For example, prolamin bodies are highly resis-
tant to gastrointestinal digestion in vitro and in vivo, resulting in
the excretion of signiﬁcant numbers of prolamin bodies, making
them suitable for bioencapsulation (Tanaka et al., 1975; Ogawa
et al., 1987). It should be borne in mind that the trafﬁcking of
recombinant proteins can change during seed development and
affect the glycan proﬁle as discussed above, so the harvesting time
can signiﬁcantly affect the characteristics of the puriﬁed protein
(Arcalis et al., 2010).
Another factor that may impact not only the expression,
but also the subcellular localisation and modiﬁcation of recom-
binant proteins in the endosperm is the choice of promoter
to drive transgene expression. The structure and arrange-
ment of storage organelles varies according to the tissue layer
within the endosperm (Tosi et al., 2009; Ibl et al., 2014), and
endosperm-speciﬁc promoters also vary signiﬁcantly in their
spatiotemporal activity (Qu and Takaiwa, 2004), which should
make possible to favor recombinant protein expression in cell
types with a speciﬁc organelle architecture. Endosperm-speciﬁc
promoters often have minimal or no activity in the aleu-
rone (Lamacchia et al., 2001), so their use can be contrasted
with constitutive or even aleurone-speciﬁc promoters such as
the amylase promoter, which has been used to drive the
expression of a recombinant enzyme during malting in barley
(Nuutila et al., 1999). The secretory proﬁle and N-glycoproteome
differ markedly between the aleurone and the inner matur-
ing endosperm (Barba-Espin et al., 2014). However, recombi-
nant protein production during malting/germination is chal-
lenging because of the higher intrinsic proteolytic activity in
the tissue at this stage, which affects the stability of the
product.
Finally, the fate of a recombinant protein in developing seeds
may occasionally be affected by interactionswith endogenous stor-
age proteins. Proteins with free cysteine residues and multimeric
proteins that assemble via disulﬁde bonds (such as antibodies) are
particularly prone to covalent interactions with prolamins. For
example, free antibody chains interact with zeins (Peters et al.,
2013), and a cysteine-rich peptide was shown to mediate protein
retention in rice prolamin bodies (Takaiwa et al., 2009).
THE BIOENCAPSULATION IN STORAGE ORGANELLES
Plant tissue canprovide someprotection fromproteolytic enzymes
in the gut, and the sequestration of recombinant proteins
in rice protein bodies appears to extend the protection from
digestive proteolysis following oral administration in an animal
model. This was shown by directly comparing the digestibility
of a model oral tolerogen from three sources: ER-derived pro-
tein bodies in rice endosperm, glutelin bodies (PSVs) in rice
endosperm and a chemically synthesized peptide (Takagi et al.,
2010). Both endosperm-derived peptides were more resistant
to in vitro digestion with pepsin than the soluble form, but
the prolamin bodies were more resistant than that from PSVs.
Similar results were reported in feeding studies, indicating that
bioencapsulated forms of the tolerogen signiﬁcantly enhanced
its immunological efﬁcacy. The cholera toxin B subunit (CTB)
also accumulated within protein bodies and the PSV in rice
endosperm, and was similarly protected from in vitro pepsin
degradation when fed to mice, allowing the induction of CTB-
speciﬁc serum IgG and mucosal IgA antibodies (Nochi et al.,
2007).
These studies suggest that protein storage organelles offer nat-
ural bioencapsulation strategies compatible with oral vaccines or
prophylacticmucosal antibodies for passive immunization against
gastro-intestinal disease. Oral vaccines must be protected from
digestion to ensure sufﬁcient amounts of the antigen reach the
Peyer’s patches (lymphoid tissue in the ileum), which is necessary
for the induction of an oral immune response. Storage proteins
such as zeins have already been considered as in vitro protein
encapsulation reagents for slow-release pharmaceuticals (Lai and
Guo, 2011; Lau et al., 2013), thus naturally occurring protein bod-
ies may provide the ideal encapsulation platform for recombinant
pharmaceuticals produced in plants.
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ER STRESS AND NOVEL ER-DERIVED COMPARTMENTS
Some recombinant proteins have been shown to induce the forma-
tion of additional, prolamin-free ER-derived protein bodies, e.g., a
modiﬁed house dust allergen and a modiﬁed birch pollen allergen
expressed in rice seeds (Yang et al., 2012a;Wang et al., 2013). Simi-
larly, human IL-10 expressed in rice seedswas found to be localized
in ER-derived prolamin bodies and aberrant ER-derived com-
partments (Fujiwara et al., 2010; Yang et al., 2012b). The aberrant
deposition of recombinant proteins in newly formed ER-derived
structures has also been observed in other plant seeds, includ-
ing a scFv-Fc antibody that was partially localized in ER-derived
compartments delimited by ribosome-associated membranes in
Arabidopsis seeds (Van Droogenbroeck et al., 2007). Similar obser-
vations have been reported for other scFv-Fc molecules with or
without KDEL signals (Loos et al., 2011b). These novel ER-derived
compartments may play a protective role in the host cell, and may
be inducedpreferentially by aggregation-proneprotein candidates.
Although additional factors such as protein expression levels may
also come into play, seeds could be more prone to the induction of
ER-derived compartments because the mechanism that generates
ER-derived protein bodies is already prevalent, especially in the
endosperm.
Recombinant protein expression can sometimes elicit an
ER stress response reﬂected by the coordinated expression of
ER-resident molecular chaperones (Oono et al., 2010; Wakasa
et al., 2012). This correlates with the appearance of distorted pro-
tein bodies at the microscopic level (Yang et al., 2012b; Wang
et al., 2013). In some cases, there is also a speciﬁc grain pheno-
type at the macroscopic level, such as the opaque phenotype with
ﬂoury and shrunken features reported in transgenic rice seeds
(Oono et al., 2010), phenotypically similar to the maize ﬂoury2
mutant that is also characterized by an ER stress response (Hunter
et al., 2002). It is unclear whether seeds are more prone to ER
stress induced by recombinant protein expression than vegeta-
tive tissues, perhaps due to the temporally conﬁned high protein
expression levels, or whether the stress symptoms are more obvi-
ous and therefore more frequently noticed in seeds due to the
opaque phenotype.
UNUSUAL N -GLYCAN STRUCTURES
N-glycan structures on recombinant proteins vary according to
the ﬁnal subcellular location and the trafﬁcking route (Lerouge
et al., 1998). The lack of secretion in cereal endosperm often
results in a distinct lack of typical apoplast N-glycan structures
such as GnGnXF, which are abundant in proteins expressed in
leaves (reviewed in Samyn-Petit et al., 2003; Arcalis et al., 2013).
Glycoproteins that have not passed through the Golgi apparatus
typically bear oligomannosidic structures (high-mannose glycans)
whereas those in post-Golgi locations tend to bear complex, xylo-
sylated and fucosylated N-glycans. The ratio between these glycan
classes sometimes correlates with the distribution of a protein
between ER-derived protein bodies and PSVs, but this is not nec-
essarily the case because the direct ER-to-PSV transport route
discussed above may allow a proportion of proteins deposited in
the PSV to bypass the Golgi apparatus completely. Interestingly, a
number of recent studies involving the analysis of glycopeptides,
rather than N-glycans digested off glycoproteins prior to analysis,
have revealed signiﬁcant proportions of aglycosylated seed-derived
recombinant glycoproteins (Van Droogenbroeck et al., 2007). This
may reﬂect the rapid production of high levels of the recombinant
protein based on temporally conﬁned extreme transcriptional
and translational activities, but it may also indicate the lim-
ited capacity of the glycosylation machinery in maturing seeds.
Under-glycosylation may also be linked to ER-stress and result
in the formation of small, ER-derived organelles as discussed
above.
Another, perhaps more puzzling phenomenon, is the abun-
dance of trimmed N-glycan structures consisting of only a single
GlcNAc residue, which may be useful for specialty applications
but may not support the functionality of some recombinant pro-
teins such as antibodies with effector functions (Umana et al.,
1999; Schuster et al., 2007). These structures are often found
on KDEL-tagged proteins, and most likely reﬂect the activity of
Endo-β-N-acetylglucosaminidase (ENGase) on oligomannosidic
N-glycan substrates (Fischl et al., 2011). Single GlcNAc residues
have been detected on glycoproteins produced in maize, and
may even represent the predominant glycoform suggesting a high
level of ENGase) activity in cereal seeds (Rademacher et al., 2008;
Ramessar et al., 2008a; Arcalis et al., 2010). Indeed, ENGase activ-
ity has been observed in cereal seeds (Vuylsteker et al., 2000),
and free oligomannosidic glycan structures, which are released
by ENGase activity, have been identiﬁed in seeds of diverse plant
species (Kimura and Kitahara, 2000; Kimura et al., 2002) and
a physiological role for them in plant development, fruit and
seed maturation has been proposed (Priem and Gross, 1992;
Kimura and Kitahara, 2000). However, Arabidopsis plants lacking
ENGase activity showed no obvious morphological phenotype
(Fischl et al., 2011; Kimura et al., 2011).
It is still unclear why ENGase, an enzyme with a presumed
cytosolic localization (Suzuki et al., 2002; Fischl et al., 2011),
can access substrates that accumulate within endomembrane
organelles. Although we cannot completely exclude the possibility
that glycan trimming occurs during extraction, our preliminary
data instead support the in vivo action of the enzyme. In addi-
tion, based on the fact that endomembrane structures break
down and compartments rapture, possibly in response to oxida-
tive stress and desiccation (Ibl et al., 2014), combined with the
incorporation of cytosolic material into the interior of vacuoles
via atypical pre-vacuolar compartments during autophagy (Reyes
et al., 2011), it could be speculated that these events might also
allow ENGases to come into contact with glycoprotein substrates.
Further investigations are required to determine whether this is
the case, perhaps providing a better understanding of the physio-
logical role of ENGases in plant seeds and increasing the spectrum
of its endogenous substrates.
CONCLUSION
Endosperm is a short-lived tissue that undergoes a rapid sequence
of developmental changes, including extensive endomembrane
system reorganization and rearrangement. The development and
maturation of storage organelles is linkedwith storage protein syn-
thesis and protein transport via several developmentally regulated
trafﬁcking routes. The investigation of spatially and temporally
regulated gene expression will provide insight into the underlying
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molecular mechanisms, and transgenic cereal plants express-
ing ﬂuorescent marker proteins combined with live cell imaging
techniques allow the investigation of dynamic membrane reorga-
nization events. The analysis of recombinant protein transport,
deposition and glycosylation provides additional information
about cargo trafﬁcking to storage organelles. By understanding
these processes, we will be able to control the production of
recombinant proteins and design optimized production strategies
for molecular farming that exploit the unique bioencapsulation
properties of storage organelles.
ACKNOWLEDGMENTS
The authors would like to acknowledge ﬁnancial support by the
Austrian Science Fund FWF (P25736-B20 and I1461-B16).
REFERENCES
Aamodt, K., Abrahantes Quintana, A., Adamova, D., Adare, A. M., Aggarwal, M. M.,
Aglieri Rinella, G., et al. (2011). Centrality dependence of the charged-particle
multiplicity density atmidrapidity in Pb-Pb collisions at
√
SNN = 2.76 TeV. Phys.
Rev. Lett. 106, 032301. doi: 10.1103/PhysRevLett.106.032301
Arcalis, E., Marcel, S., Altmann, F., Kolarich, D., Drakakaki, G., Fischer, R.,
et al. (2004). Unexpected deposition patterns of recombinant proteins in post-
endoplasmic reticulum compartments of wheat endosperm. Plant Physiol. 136,
3457–3466. doi: 10.1104/pp.104.050153
Arcalis, E., Stadlmann, J., Marcel, S., Drakakaki, G., Winter, V., Rodriguez,
J., et al. (2010). The changing fate of a secretory glycoprotein in devel-
oping maize endosperm. Plant Physiol. 153, 693–702. doi: 10.1104/pp.109.
152363
Arcalis, E., Stadlmann, J., Rademacher, T., Marcel, S., Sack, M., Altmann, F.,
et al. (2013). Plant species and organ inﬂuence the structure and subcellular
localization of recombinant glycoproteins. Plant Mol. Biol. 83, 105–117. doi:
10.1007/s11103-013-0049-9
Barba-Espin, G., Dedvisitsakul, P., Hagglund, P., Svensson, B., and Finnie, C. (2014).
Gibberellic acid-induced aleurone layers responding to heat shock or tunicamycin
provide insight into the N-glycoproteome, protein secretion, and endoplasmic
reticulum stress. Plant Physiol. 164, 951–965. doi: 10.1104/pp.113.233163
Bethke, P. C., Hillmer, S., and Jones, R. L. (1996). Isolation of intact protein storage
vacuoles from barley aleurone (identiﬁcation of aspartic and cysteine proteases).
Plant Physiol. 110, 521–529.
Bethke, P. C., and Jones, R. L. (2001). Cell death of barley aleurone protoplasts
is mediated by reactive oxygen species. Plant J. 25, 19–29. doi: 10.1046/j.1365-
313x.2001.00930.x
Bethke, P. C., Swanson, S. J., Hillmer, S., and Jones, R. L. (1998). From storage com-
partment to lytic organelle: the metamorphosis of the aleurone protein storage
vacuole. Ann. Bot. 82, 399–412. doi: 10.1006/anbo.1998.0702
Bonsager, B. C., Finnie, C., Roepstorff, P., and Svensson, B. (2007). Spatio-temporal
changes in germination and radical elongation of barley seeds tracked by pro-
teome analysis of dissected embryo, aleurone layer, and endosperm tissues.
Proteomics 7, 4528–4540. doi: 10.1002/pmic.200700766
Boren, M., Larsson, H., Falk, A., and Jansson, C. (2004). The barley starch granule
proteome—internalized granule polypeptides of the mature endosperm. Plant
Sci. 166, 617–626. doi: 10.1016/j.plantsci.2003.10.028
Brown, R. C., and Lemmon, B. E. (2007). The developmental biology of cereal
endosperm. Plant Cell Monogr. 8, 1–20. doi: 10.1007/7089_2007_106
Bryant, G., Koster, K. L., and Wolfe, J. (2001). Membrane behaviour in seeds and
other systems at low water content: the various effects of solutes. Seed Sci. Res. 11,
17–25. doi: 10.1079/SSR200056
Bush, D. S., Cornejo, M. J., Huang, C. N., and Jones, R. L. (1986). Ca-stimulated
secretion of alpha-amylase during development in barley aleurone protoplasts.
Plant Physiol. 82, 566–574. doi: 10.1104/pp.82.2.566
Cameron-Mills, V., and Wettstein, D. V. (1980). Protein body formation in
the developing barley endosperm. Carlsberg Res. Commun. 45, 577–594. doi:
10.1007/BF02932924
Chen, F., and Bradford, K. J. (2000). Expression of an expansin is associated with
endospermweakening during tomato seed germination. Plant Physiol. 124, 1265–
1274. doi: 10.1104/pp.124.3.1265
Chung, T., Phillips, A. R., and Vierstra, R. D. (2010). ATG8 lipidation and
ATG8-mediated autophagy in Arabidopsis require ATG12 expressed from the dif-
ferentially controlled ATG12A AND ATG12B loci. Plant J. 62, 483–493. doi:
10.1111/j.1365-313X.2010.04166.x
Coleman, C. E., Yoho, P. R., Escobar, S., and Ogawa,M. (2004). The accumulation of
α-zein in transgenic tobacco endosperm is stabilized by co-expression of β-zein.
Plant Cell Physiol. 45, 864–871. doi: 10.1093/pcp/pch104
Damerval, C., and Devienne, D. (1993). Quantiﬁcation of dominance for pro-
teins pleiotropically affected by Opaque-2 in maize. Heredity 70, 38–51. doi:
10.1038/Hdy.1993.6
De Jaeger, G., Scheffer, S., Jacobs, A., Zambre, M., Zobell, O., Goossens, A., et al.
(2002). Boosting heterologous protein production in transgenic dicotyledonous
seeds using Phaseolus vulgaris regulatory sequences. Nat. Biotechnol. 20, 1265–
1268. doi: 10.1038/nbt755
Drakakaki, G., Marcel, S., Arcalis, E., Altmann, F., Gonzalez-Melendi, P., Fischer, R.,
et al. (2006). The intracellular fate of a recombinant protein is tissue dependent.
Plant Physiol. 141, 578–586. doi: 10.1104/pp.106.076661
Erlendsson, L. S., Muench, M. O., Hellman, U., Hrafnkelsdottir, S. M., Jonsson, A.,
Balmer, Y., et al. (2010). Barley as a green factory for the production of functional
Flt3 ligand. Biotechnol. J. 5, 163–171. doi: 10.1002/biot.200900111
Fang, J., and Schneider, B. (2013). Laser microdissection: a sample preparation
technique for plant micrometabolic proﬁling. Phytochem. Anal. 25, 307–313. doi:
10.1002/pca.2477
Fath, A., Bethke, P., Lonsdale, J., Meza-Romero, R., and Jones, R. (2000). Pro-
grammed cell death in cereal aleurone. Plant Mol. Biol. 44, 255–266. doi:
10.1023/A:1026584207243
Fath, A., Bethke, P. C., and Jones, R. L. (1999). Barley aleurone cell death is not
apoptotic: characterization of nuclease activities and DNA degradation. Plant J.
20, 305–315. doi: 10.1046/j.1365-313X.1999.t01-2-00605.x
Finnie, C., Andersen, B., Shahpiri, A., and Svensson, B. (2011). Proteomes of the
barley aleurone layer: a model system for plant signalling and protein secretion.
Proteomics 11, 1595–1605. doi: 10.1002/pmic.201000656
Finnie, C., Maeda, K., ØStergaard, O., Bak-Jensen, K. S., Larsen, J., and
Svensson, B. (2004). Aspects of the barley seed proteome during develop-
ment and germination. Biochem. Soc. Trans. 32, 517–519. doi: 10.1042/BST0
320517
Finnie, C., and Svensson, B. (2003). Feasibility study of a tissue-speciﬁc approach to
barley proteome analysis: aleurone layer, endosperm, embryo and single seeds. J.
Cereal Sci. 38, 217–227. doi: 10.1016/S0733-5210(03)00033-X
Finnie, C., and Svensson, B. (2009). Barley seed proteomics from spots to structures.
J. Proteomics 72, 315–324. doi: 10.1016/j.jprot.2008.12.001
Fischl, R. M., Stadlmann, J., Grass, J., Altmann, F., and Leonard, R. (2011). The
two endo-β-N-acetylglucosaminidase genes from Arabidopsis thaliana encode
cytoplasmic enzymes controlling free N-glycan levels. Plant Mol. Biol. 77, 275–
284. doi: 10.1007/s11103-011-9808-7
Floss, D. M., Sack, M., Arcalis, E., Stadlmann, J., Quendler, H., Rademacher,
T., et al. (2009). Inﬂuence of elastin-like peptide fusions on the quantity
and quality of a tobacco-derived human immunodeﬁciency virus-neutralizing
antibody. Plant Biotechnol. J. 7, 899–913. doi: 10.1111/j.1467-7652.2009.
00452.x
Fujiwara, Y., Aiki, Y., Yang, L., Takaiwa, F., Kosaka, A., Tsuji, N. M., et al. (2010).
Extraction and puriﬁcation of human interleukin-10 from transgenic rice seeds.
Protein Expr. Purif. 72, 125–130. doi: 10.1016/j.pep.2010.02.008
Fukuda, M., Wen, L., Satoh-Cruz, M., Kawagoe, Y., Nagamura, Y., Okita, T. W.,
et al. (2013). A guanine nucleotide exchange factor for Rab5 proteins is essential
for intracellular transport of the proglutelin from the Golgi apparatus to the
protein storage vacuole in rice endosperm. Plant Physiol. 162, 663–674. doi:
10.1104/pp.113.217869
Galili, G. (2004). ER-derived compartments are formed by highly regulated pro-
cesses and have special functions in plants. Plant Physiol. 136, 3411–3413. doi:
10.1104/pp.104.900125
Gubatz, S., Dercksen, V. J., Bruss, C., Weschke, W., and Wobus, U. (2007). Analysis
of barley (Hordeum vulgare) grain development using three-dimensional digital
models. Plant J. 52, 779–790. doi: 10.1111/j.1365-313X.2007.03260.x
Hara-Nishimura, I., Shimada, T., Hatano, K., Takeuchi, Y., and Nishimura, M.
(1998). Transport of storage proteins to protein storage vacuoles is medi-
ated by large precursor-accumulating vesicles. Plant Cell 10, 825–836. doi:
10.1105/tpc.10.5.825
www.frontiersin.org September 2014 | Volume 5 | Article 439 | 9
Arcalis et al. Organelle dynamics in cereal seeds
He, D., Han, C., Yao, J., Shen, S., and Yang, P. (2011a). Constructing the metabolic
and regulatory pathways in germinating rice seeds through proteomic approach.
Proteomics 11, 2693–2713. doi: 10.1002/pmic.201000598
He, Y., Ning, T., Xie, T., Qiu, Q., Zhang, L., Sun, Y., et al. (2011b). Large-scale
production of functional human serum albumin from transgenic rice seeds. Proc.
Natl. Acad. Sci. U.S.A. 108, 19078–19083. doi: 10.1073/pnas.1109736108
He, X., Haselhorst, T., Von Itzstein, M., Kolarich, D., Packer, N. H., Gloster,
T. M., et al. (2012). Production of α-L-iduronidase in maize for the potential
treatment of a human lysosomal storage disease. Nat. Commun. 3, 1062. doi:
10.1038/ncomms2070
Hoekstra, F. A., Golovina, E. A., and Buitink, J. (2001). Mechanisms of plant desicca-
tion tolerance. Trends Plant Sci. 6, 431–438. doi: 10.1016/S1360-1385(01)02052-0
Hoh, B., Hinz, G., Jeong, B. K., and Robinson, D. G. (1995). Protein storage vacuoles
form de-novo during pea cotyledon development. J. Cell Sci. 108, 299–310.
Holding, D. R., Otegui, M. S., Li, B., Meeley, R. B., Dam, T., Hunter, B. G., et al.
(2007). The maize ﬂoury1 gene encodes a novel endoplasmic reticulum pro-
tein involved in zein protein body formation. Plant Cell 19, 2569–2582. doi:
10.1105/tpc.107.053538
Hunter, B. G., Beatty, M. K., Singletary, G. W., Hamaker, B. R., Dilkes, B. P., Larkins,
B. A., et al. (2002). Maize opaque endosperm mutations create extensive changes
in patterns of gene expression. Plant Cell 14, 2591–2612. doi: 10.1105/tpc.003905
Hwang, Y. S., Bethke, P. C., Cheong, Y. H., Chang, H. S., Zhu, T., and Jones, R.
L. (2005). A gibberellin-regulated calcineurin B in rice localizes to the tono-
plast and is implicated in vacuole function. Plant Physiol. 138, 1347–1358. doi:
10.1104/pp.105.062703
Hynek, R., Svensson, B., Jensen, O. N., Barkholt, V., and Finnie, C. (2006).
Enrichment and identiﬁcation of integral membrane proteins from barley aleu-
rone layers by reversed-phase chromatography, SDS-PAGE, and LC-MS/MS. J.
Proteome Res. 5, 3105–3113. doi: 10.1021/pr0602850
Ibl,V., Kapusi, E., Arcalis, E., Kawagoe,Y., and Stoger, E. (2014). Fusion, rupture and
degeneration: the fate of in vivo-labeled PSVs in developing barley endosperm. J.
Exp. Bot. 65, 3249–3261. doi: 10.1093/jxb/eru175
Jacobsen, J. V., Knox, R. B., and Pyliotis, N. A. (1971). Structure and compo-
sition of aleurone grains in barley aleurone layer. Planta 101, 189–209. doi:
10.1007/Bf00386828
Jacobsen, J. V., Zwar, J. A., and Chandler, P. M. (1985). Gibberellic-acid-responsive
protoplasts from mature aleurone of Himalaya barley. Planta 163, 430–438. doi:
10.1007/BF00395154
Jones, R. L., and Jacobsen, J. V. (1991). Regulation of synthesis and trans-
port of secreted proteins in cereal aleurone. Int. Rev. Cytol. 126, 49–88. doi:
10.1016/S0074-7696(08)60682-8
Kimura, Y., and Kitahara, E. (2000). Structural analysis of free N-glycans occurring
in soybean seedlings and dry seeds. Biosci. Biotechnol. Biochem. 64, 1847–1855.
doi: 10.1271/bbb.64.1847
Kimura, Y., Matsuo, S., Tsurusaki, S., Kimura, M., Hara-Nishimura,
I., and Nishimura, M. (2002). Subcellular localization of endo-β-N-
acetylglucosaminidase and high-mannose type free N-glycans in plant cell.
Biochim. Biophys. Acta 1570, 38–46. doi: 10.1016/S0304-4165(02)00149-6
Kimura, Y., Takeoka, Y., Inoue, M., Maeda, M., and Fujiyama, K. (2011).
Double-knockout of putative endo-β-N-acetylglucosaminidase (ENGase) genes
in Arabidopsis thaliana: loss of ENGase activity induced accumulation of
high-mannose type free N-glycans bearing N,N′-acetylchitobiosyl unit. Biosci.
Biotechnol. Biochem. 75, 1019–1021. doi: 10.1271/bbb.110148
Klionsky, D. J., Abeliovich, H., Agostinis, P., Agrawal, D. K., Aliev, G., Askew, D. S.,
et al. (2008). Guidelines for the use and interpretation of assays for monitoring
autophagy in higher eukaryotes. Autophagy 4, 151–175. doi: 10.4161/auto.5338
Lai, L. F., and Guo, H. X. (2011). Preparation of new 5-ﬂuorouracil-loaded
zein nanoparticles for liver targeting. Int. J. Pharm. 404, 317–323. doi:
10.1016/j.ijpharm.2010.11.025
Lamacchia, C., Shewry, P. R., Di Fonzo, N., Forsyth, J. L., Harris, N., Lazzeri, P. A.,
et al. (2001). Endosperm-speciﬁc activity of a storage protein gene promoter in
transgenic wheat seed. J. Exp. Bot. 52, 243–250. doi: 10.1093/jexbot/52.355.243
Lan, P., Li, W., Wen, T. N., Shiau, J. Y., Wu, Y. C., Lin, W., et al. (2011). iTRAQ
protein proﬁle analysis of Arabidopsis roots reveals new aspects critical for iron
homeostasis. Plant Physiol. 155, 821–834. doi: 10.1104/pp.110.169508
Landrum, M., Smertenko, A., Edwards, R., Hussey, P. J., and Steel, P. G. (2010).
BODIPY probes to study peroxisome dynamics in vivo. Plant J. 62, 529–538. doi:
10.1111/j.1365-313X.2010.04153.x
Lau, E. T., Giddings, S. J., Mohammed, S. G., Dubois, P., Johnson, S. K., Stan-
ley, R. A., et al. (2013). Encapsulation of hydrocortisone and mesalazine in zein
microparticles. Pharmaceutics 5, 277–293. doi: 10.3390/pharmaceutics5020277
Lending, C. R., Chesnut, R. S., Shaw, K. L., and Larkins, B. A. (1989). Immunolo-
calization of avenin and globulin storage proteins in developing endosperm of
Avena sativa L. Planta 178, 315–324. doi: 10.1007/BF00391859
Lerouge, P., Cabanes-Macheteau, M., Rayon, C., Fischette-Laine, A. C., Gomord, V.,
and Faye, L. (1998). N-glycoprotein biosynthesis in plants: recent developments
and future trends. Plant Mol. Biol. 38, 31–48. doi: 10.1023/A:1006012005654
Leubner-Metzger, G., Frundt, C., Vogeli-Lange, R., and Meins, F. Jr. (1995). Class I
β-1,3-glucanases in the endosperm of tobacco during germination. Plant Physiol.
109, 751–759.
Levanony, H., Rubin, R., Altschuler, Y., and Galili, G. (1992). Evidence for a novel
route of wheat storage proteins to vacuoles. J. Cell Biol. 119, 1117–1128. doi:
10.1083/jcb.119.5.1117
Loos, A., Van Droogenbroeck, B., Hillmer, S., Grass, J., Kunert, R., Cao, J., et al.
(2011a). Production of monoclonal antibodies with a controlled N-glycosylation
pattern in seeds of Arabidopsis thaliana. Plant Biotechnol. J. 9, 179–192. doi:
10.1111/j.1467-7652.2010.00540.x
Loos, A., Van Droogenbroeck, B., Hillmer, S., Grass, J., Pabst, M., Castilho, A., et al.
(2011b). Expression of antibody fragments with a controlled N-glycosylation
pattern and induction of endoplasmic reticulum-derived vesicles in seeds of
Arabidopsis. Plant Physiol. 155, 2036–2048. doi: 10.1104/pp.110.171330
Mechin, V., Balliau, T., Chateau-Joubert, S., Davanture, M., Langella, O., Negroni,
L., et al. (2004). A two-dimensional proteome map of maize endosperm.
Phytochemistry 65, 1609–1618. doi: 10.1016/j.phytochem.2004.04.035
Mohanty, A., Luo, A., Deblasio, S., Ling, X., Yang, Y., Tuthill, D. E., et al.
(2009). Advancing cell biology and functional genomics in maize using ﬂuo-
rescent protein-tagged lines. Plant Physiol. 149, 601–605. doi: 10.1104/pp.108.
130146
Morandini, F., Avesani, L., Bortesi, L., Van Droogenbroeck, B., De Wilde, K., Arcalis,
E., et al. (2011). Non-food/feed seeds as biofactories for the high-yield pro-
duction of recombinant pharmaceuticals. Plant Biotechnol. J. 9, 911–921. doi:
10.1111/j.1467-7652.2011.00605.x
Muntz, K. (1998). Deposition of storage proteins. Plant Mol. Biol. 38, 77–99. doi:
10.1023/A:1006020208380
Nochi, T., Takagi, H., Yuki, Y., Yang, L., Masumura, T., Mejima, M., et al.
(2007). Rice-based mucosal vaccine as a global strategy for cold-chain- and
needle-free vaccination. Proc. Natl. Acad. Sci. U.S.A. 104, 10986–10991. doi:
10.1073/pnas.0703766104
Nonogaki, H., and Morohashi, Y. (1996). An Endo-β-mannanase develops exclu-
sively in the micropylar endosperm of tomato seeds prior to radicle emergence.
Plant Physiol. 110, 555–559. doi: 10.1104/pp.110.2.555
Nuutila, A. M., Ritala, A., Skadsen, R. W., Mannonen, L., and Kauppinen, V.
(1999). Expression of fungal thermotolerant endo-1,4-β-glucanase in trans-
genic barley seeds during germination. Plant Mol. Biol. 41, 777–783. doi:
10.1023/A:1006318206471
Ogawa, M., Kumamaru, T., Satoh, H., Iwata, N., Omura, T., Kasai, Z., et al. (1987).
Puriﬁcation of protein body-I of rice seed and its polypeptide composition. Plant
Cell Physiol. 28, 1517–1527.
Okamoto, T., Shimada, T., Hara-Nishimura, I., Nishimura, M., and Minamikawa,
T. (2003). C-terminal KDEL sequence of a KDEL-tailed cysteine proteinase
(sulfhydryl-endopeptidase) is involved in formation of KDEL vesicle and in
efﬁcient vacuolar transport of sulfhydryl-endopeptidase. Plant Physiol. 132,
1892–1900. doi: 10.1104/pp.103.021147
Onda, Y. (2013). Oxidative protein-folding systems in plant cells. Int. J. Cell Biol.
2013, 585431. doi: 10.1155/2013/585431
Onda, Y., Kumamaru, T., and Kawagoe, Y. (2009). ER membrane-localized oxidore-
ductase ero1 is required for disulﬁde bond formation in the rice endosperm. Proc.
Natl. Acad. Sci. U.S.A. 106, 14156–14161. doi: 10.1073/pnas.0904429106
Oono,Y.,Wakasa,Y., Hirose, S., Yang, L., Sakuta, C., and Takaiwa, F. (2010). Analysis
of ER stress in developing rice endosperm accumulating β-amyloid peptide. Plant
Biotechnol. J. 8, 691–718. doi: 10.1111/j.1467-7652.2010.00502.x
Oszvald, M., Tamas, L., Shewry, P. R., and Tosi, P. (2014). The trafﬁcking pathway
of a wheat storage protein in transgenic rice endosperm. Ann. Bot. 113, 807–815.
doi: 10.1093/aob/mcu008
Oufattole,M., Park, J. H., Poxleitner,M., Jiang, L., and Rogers, J. C. (2005). Selective
membrane protein internalization accompaniesmovement from the endoplasmic
Frontiers in Plant Science | Plant Evolution and Development September 2014 | Volume 5 | Article 439 | 10
Arcalis et al. Organelle dynamics in cereal seeds
reticulum to the protein storage vacuole pathway in Arabidopsis. Plant Cell 17,
3066–3080. doi: 10.1105/tpc.105.035212
Owiti, J., Grossmann, J., Gehrig, P., Dessimoz, C., Laloi, C., Hansen, M. B., et al.
(2011). iTRAQ-based analysis of changes in the cassava root proteome reveals
pathways associated with post-harvest physiological deterioration. Plant J. 67,
145–156. doi: 10.1111/j.1365-313X.2011.04582.x
Pechanova, O., Takac, T., Samaj, J., and Pechan, T. (2013). Maize proteomics: an
insight into the biology of an important cereal crop. Proteomics 13, 637–662. doi:
10.1002/pmic.201200275
Peters, J., Sabalza, M., Ramessar, K., Christou, P., Capell, T., Stoger, E., et al. (2013).
Efﬁcient recovery of recombinant proteins from cereal endosperm is affected by
interaction with endogenous storage proteins. Biotechnol. J. 8, 1203–1212. doi:
10.1002/biot.201300068
Petruccelli, S., Otegui, M. S., Lareu, F., Tran Dinh, O., Fitchette, A. C., Circosta,
A., et al. (2006). A KDEL-tagged monoclonal antibody is efﬁciently retained in
the endoplasmic reticulum in leaves, but is both partially secreted and sorted
to protein storage vacuoles in seeds. Plant Biotechnol. J. 4, 511–527. doi:
10.1111/j.1467-7652.2006.00200.x
Priem, B., and Gross, K. C. (1992). Mannosyl-and Xylosyl-containing glycans pro-
mote tomato (Lycopersicon esculentum Mill.) fruit ripening. Plant Physiol. 98,
399–401. doi: 10.1104/pp.98.1.399
Qu, L. Q., and Takaiwa, F. (2004). Evaluation of tissue speciﬁcity and
expression strength of rice seed component gene promoters in trans-
genic rice. Plant Biotechnol. J. 2, 113–125. doi: 10.1049/j.1467-7653.2003.
00055.x
Rademacher, T., Sack, M., Arcalis, E., Stadlmann, J., Balzer, S., Altmann,
F., et al. (2008). Recombinant antibody 2G12 produced in maize endosperm
efﬁciently neutralizes HIV-1 and contains predominantly single-GlcNAc N-
glycans. Plant Biotechnol. J. 6, 189–201. doi: 10.1111/j.1467-7652.2007.
00306.x
Ramessar, K., Rademacher, T., Sack, M., Stadlmann, J., Platis, D., Stiegler, G.,
et al. (2008a). Cost-effective production of a vaginal protein microbicide to
prevent HIV transmission. Proc. Natl. Acad. Sci. U.S.A. 105, 3727–3732. doi:
10.1073/pnas.0708841104
Ramessar, K., Sabalza, M., Capell, T., and Christou, P. (2008b). Maize plants: an
ideal production platform for effective and safe molecular pharming. Plant Sci.
174, 409–419. doi: 10.1016/j.plantsci.2008.02.002
Rechinger, K. B., Simpson, D. J., Svendsen, I., and Cameron-Mills, V. (1993). A
role for gamma 3 hordein in the transport and targeting of prolamin polypep-
tides to the vacuole of developing barley endosperm. Plant J. 4, 841–853. doi:
10.1046/j.1365-313X.1993.04050841.x
Reyes, F. C., Chung, T., Holding, D., Jung, R., Vierstra, R., and Otegui, M. S. (2011).
Delivery of prolamins to the protein storage vacuole in maize aleurone cells. Plant
Cell 23, 769–784. doi: 10.1105/tpc.110.082156
Ritchie, S., Swanson, S. J., and Gilroy, S. (2000). Physiology of the aleurone layer
and starchy endosperm during grain development and early seedling growth:
new insights from cell and molecular biology. Seed Sci. Res. 10, 193–212. doi:
10.1017/S0960258500000234
Rogers, J. C. (2011). Internalmembranes inmaize aleurone protein storage vacuoles:
beyond autophagy. Plant Cell 23, 4168–4171. doi: 10.1105/tpc.111.092551
Rubinsztein, D. C., Cuervo, A. M., Ravikumar, B., Sarkar, S., Korolchuk,V., Kaushik,
S., et al. (2009). In search of an “autophagomometer.”Autophagy 5, 585–589. doi:
10.4161/auto.5.5.8823
Sabelli, P. A., and Larkins, B. A. (2009). The development of endosperm in grasses.
Plant Physiol. 149, 14–26. doi: 10.1104/pp.108.129437
Saito, Y., Shigemitsu, T., Yamasaki, R., Sasou, A., Goto, F., Kishida, K., et al.
(2012). Formation mechanism of the internal structure of type I protein
bodies in rice endosperm: relationship between the localization of prolamin
species and the expression of individual genes. Plant J. 70, 1043–1055. doi:
10.1111/j.1365-313X.2012.04947.x
Samyn-Petit, B., Wajda Dubos, J. P., Chirat, F., Coddeville, B., Demaizieres, G.,
Farrer, S., et al. (2003). Comparative analysis of the site-speciﬁc N-glycosylation
of human lactoferrin produced in maize and tobacco plants. Eur. J. Biochem. 270,
3235–3242. doi: 10.1046/j.1432-1033.2003.03706.x
Sattler, S. E., Mene-Saffrane, L., Farmer, E. E., Krischke, M., Mueller, M. J., and Del-
lapenna,D. (2006). Nonenzymatic lipid peroxidation reprograms gene expression
and activates defense markers in Arabidopsis tocopherol-deﬁcient mutants. Plant
Cell 18, 3706–3720. doi: 10.1105/tpc.106.044065
Schuster, M., Jost, W., Mudde, G. C., Wiederkum, S., Schwager, C., Janzek, E., et al.
(2007). In vivo glyco-engineered antibodywith improved lytic potential produced
by an innovative non-mammalian expression system. Biotechnol. J. 2, 700–708.
doi: 10.1002/biot.200600255
Sharma, P., Jha, A. B., Dubey, R. S., and Pessarakli, M. (2012). Reactive oxygen
species, oxidative damage, and antioxidative defense mechanism in plants under
stressful conditions. J. Bot. 2012, 217037. doi: 10.1155/2012/217037
Shewry, P. R., and Halford, N. G. (2002). Cereal seed storage proteins: struc-
tures, properties and role in grain utilization. J. Exp. Bot. 53, 947–958. doi:
10.1093/jexbot/53.370.947
Shewry, P.R.,Napier, J.A., andTatham,A. S. (1995). Seed storage proteins: structures
and biosynthesis. Plant Cell 7, 945–956. doi: 10.1105/tpc.7.7.945
Shigemitsu, T.,Masumura, T.,Morita, S., and Satoh, S. (2013). Accumulation of rice
prolamin-GFP fusion proteins induces ER-derived protein bodies in transgenic
rice calli. Plant Cell Rep. 32, 389–399. doi: 10.1007/s00299-012-1372-3
Shy, G., Ehler, L., Herman, E., and Galili, G. (2001). Expression patterns of genes
encoding endomembrane proteins support a reduced function of the Golgi in
wheat endosperm during the onset of storage protein deposition. J. Exp. Bot. 52,
2387–2388. doi: 10.1093/jexbot/52.365.2387
Sreenivasulu, N., Radchuk, V., Strickert, M., Miersch, O., Weschke, W., and Wobus,
U. (2006). Gene expression patterns reveal tissue-speciﬁc signaling networks con-
trolling programmed cell death and ABA- regulated maturation in developing
barley seeds. Plant J. 47, 310–327. doi: 10.1111/j.1365-313X.2006.02789.x
Sreenivasulu, N., Usadel, B., Winter, A., Radchuk, V., Scholz, U., Stein,
N., et al. (2008). Barley grain maturation and germination: metabolic path-
way and regulatory network commonalities and differences highlighted by
new MapMan/PageMan proﬁling tools. Plant Physiol. 146, 1738–1758. doi:
10.1104/pp.107.111781
Stacy, R. A. P., Nordeng, T. W., Culianez-Macia, F. A., and Aalen, R. B.
(1999). The dormancy-related peroxiredoxin anti-oxidant, PER1, is localized
to the nucleus of barley embryo and aleurone cells. Plant J. 19, 1–8. doi:
10.1046/j.1365-313X.1999.00488.x
Stoger, E., Fischer, R., Moloney, M., and Ma, J. K. (2014). Plant molecular pharming
for the treatment of chronic and infectious diseases. Annu. Rev. Plant Biol. 65,
743–768. doi: 10.1146/annurev-arplant-050213-035850
Stoger, E.,Ma, J. K., Fischer, R., andChristou, P. (2005a). Sowing the seeds of success:
pharmaceutical proteins from plants. Curr. Opin. Biotechnol. 16, 167–173. doi:
10.1016/j.copbio.2005.01.005
Stoger, E., Sack, M., Nicholson, L., Fischer, R., and Christou, P. (2005b). Recent
progress in plantibody technology. Curr. Pharm. Des. 11, 2439–2457. doi:
10.2174/1381612054367535
Sugita, K., Endo-Kasahara, S., Tada,Y., Lijun,Y.,Yasuda,H.,Hayashi,Y., et al. (2005).
Genetically modiﬁed rice seeds accumulating GLP-1 analogue stimulate insulin
secretion from a mouse pancreatic β-cell line. FEBS Lett. 579, 1085–1088. doi:
10.1016/j.febslet.2004.12.082
Suzuki, T., Yano, K., Sugimoto, S., Kitajima, K., Lennarz, W. J., Inoue, S., et al.
(2002). Endo-β-N-acetylglucosaminidase, an enzyme involved in processing of
free oligosaccharides in the cytosol. Proc. Natl. Acad. Sci. U.S.A. 99, 9691–9696.
doi: 10.1073/pnas.152333599
Swanson, S. J., Bethke, P. C., and Jones, R. L. (1998). Barley aleurone cells contain
two types of vacuoles: characterization of lytic organelles by use of ﬂuorescent
probes. Plant Cell 10, 685–698. doi: 10.1105/tpc.10.5.685
Swanson, S. J., and Jones, R. L. (1996). Gibberellic acid induces vacuolar acidiﬁcation
in barley aleurone. Plant Cell 8, 2211–2221. doi: 10.1105/tpc.8.12.2211
Takagi, H., Hiroi, T., Hirose, S., Yang, L., and Takaiwa, F. (2010). Rice seed ER-
derived protein body as an efﬁcient delivery vehicle for oral tolerogenic peptides.
Peptides 31, 1421–1425. doi: 10.1016/j.peptides.2010.04.032
Takahashi, H., Saito, Y., Kitagawa, T., Morita, S., Masumura, T., and Tanaka, K.
(2005). A novel vesicle derived directly from endoplasmic reticulum is involved
in the transport of vacuolar storage proteins in rice endosperm. Plant Cell Physiol.
46, 245–249. doi: 10.1093/pcp/pci019
Takaiwa, F., Hirose, S., Takagi, H., Yang, L., and Wakasa, Y. (2009). Deposition of a
recombinant peptide in ER-derived protein bodies by retentionwith cysteine-rich
prolamins in transgenic rice seed. Planta 229, 1147–1158. doi: 10.1007/s00425-
009-0905-7
Tanaka, Y., Hayashida, S., and Hongo, M. (1975). The relationship of the feces
protein particles to rice protein bodies. Agric. Biol. Chem. 39, 515–518. doi:
10.1271/bbb1961.39.515
www.frontiersin.org September 2014 | Volume 5 | Article 439 | 11
Arcalis et al. Organelle dynamics in cereal seeds
Thiel, J., Weier, D., and Weschke, W. (2011). Laser-capture microdissection of
developing barley seeds and cDNA array analysis of selected tissues. Methods
Mol. Biol. 755, 461–475. doi: 10.1007/978-1-61779-163-5_39
Tian, L., Dai, L. L., Yin, Z. J., Fukuda, M., Kumamaru, T., Dong, X. B., et al.
(2013). Small GTPase Sar1 is crucial for proglutelin and α-globulin export from
the endoplasmic reticulum in rice endosperm. J. Exp. Bot. 64, 2831–2845. doi:
10.1093/jxb/ert128
Torres, E., Gonzalez-Melendi, P., Stoger, E., Shaw, P., Twyman, R. M., Nichol-
son, L., et al. (2001). Native and artiﬁcial reticuloplasmins co-accumulate
in distinct domains of the endoplasmic reticulum and in post-endoplasmic
reticulum compartments. Plant Physiol. 127, 1212–1223. doi: 10.1104/Pp.
010260
Tosi, P., Parker, M., Gritsch, C. S., Carzaniga, R., Martin, B., and Shewry, P. R.
(2009). Trafﬁcking of storage proteins in developing grain of wheat. J. Exp. Bot.
60, 979–991. doi: 10.1093/jxb/ern346
Toyooka, K., Okamoto, T., and Minamikawa, T. (2000). Mass transport of pro-
form of a KDEL-tailed cysteine proteinase (SH-EP) to protein storage vacuoles
by endoplasmic reticulum-derived vesicle is involved in protein mobilization in
germinating seeds. J. Cell Biol. 148, 453–464. doi: 10.1083/jcb.148.3.453
Umana, P., Jean-Mairet, J., Moudry, R., Amstutz, H., and Bailey, J. E. (1999).
Engineered glycoforms of an antineuroblastoma IgG1 with optimized antibody-
dependent cellular cytotoxic activity. Nat. Biotechnol. 17, 176–180. doi:
10.1038/6179
Van Droogenbroeck, B., Cao, J., Stadlmann, J., Altmann, F., Colanesi, S., Hillmer, S.,
et al. (2007). Aberrant localization andunderglycosylationof highly accumulating
single-chain Fv-Fc antibodies in transgenic Arabidopsis seeds. Proc. Natl. Acad.
Sci. U.S.A. 104, 1430–1435. doi: 10.1073/pnas.0609997104
Viotti, C. (2014). ER and vacuoles: never been closer. Front. Plant Sci. 5:20. doi:
10.3389/fpls.2014.00020
Viotti, C., Kruger, F., Krebs, M., Neubert, C., Fink, F., Lupanga, U., et al. (2013). The
endoplasmic reticulum is the main membrane source for biogenesis of the lytic
vacuole in Arabidopsis. Plant Cell 25, 3434–3449. doi: 10.1105/tpc.113.114827
Vitale, A., and Hinz, G. (2005). Sorting of proteins to storage vacuoles: how many
mechanisms? Trends Plant Sci. 10, 316–323. doi: 10.1016/j.tplants.2005.05.001
Vuylsteker, C., Cuvellier, G., Berger, S., Faugeron, C., and Karamanos, Y. (2000).
Evidence of two enzymes performing the de-N-glycosylationof proteins in barley:
expression during germination, localization within the grain and set-up during
grain formation. J. Exp. Bot. 51, 839–845. doi: 10.1093/jexbot/51.346.839
Wakasa, Y., Hayashi, S., and Takaiwa, F. (2012). Expression of OsBiP4 and OsBiP5 is
highly correlated with the endoplasmic reticulum stress response in rice. Planta
236, 1519–1527. doi: 10.1007/s00425-012-1714-y
Wakasa, Y., and Takaiwa, F. (2013). The use of rice seeds to produce
human pharmaceuticals for oral therapy. Biotechnol. J. 8, 1133–1143. doi:
10.1002/biot.201300065
Walley, J. W., Shen, Z., Sartor, R., Wu, K. J., Osborn, J., Smith, L. G., et al. (2013).
Reconstruction of protein networks from an atlas of maize seed proteotypes. Proc.
Natl. Acad. Sci. U.S.A. 110, E4808–E4817. doi: 10.1073/pnas.1319113110
Wang, S., Takahashi, H., Kajiura, H., Kawakatsu, T., Fujiyama, K., and Takaiwa,
F. (2013). Transgenic rice seeds accumulating recombinant hypoallergenic birch
pollen allergen Bet v 1 generate giant protein bodies. Plant Cell Physiol. 54, 917–
933. doi: 10.1093/pcp/pct043
Wang, Y., Ren, Y., Liu, X., Jiang, L., Chen, L., Han, X., et al. (2010).
OsRab5a regulates endomembrane organization and storage protein trafﬁcking
in rice endosperm cells. Plant J. 64, 812–824. doi: 10.1111/j.1365-313X.2010.
04370.x
Woo, Y. M., Hu, D. W., Larkins, B. A., and Jung, R. (2001). Genomics analysis of
genes expressed in maize endosperm identiﬁes novel seed proteins and clariﬁes
patterns of zein gene expression. Plant Cell 13, 2297–2317. doi: 10.1105/tpc.13.
10.2297
Yang, L., Hirose, S., Suzuki, K., Hiroi, T., and Takaiwa, F. (2012a). Expression of
hypoallergenic Der f 2 derivatives with altered intramolecular disulphide bonds
induces the formation of novel ER-derived protein bodies in transgenic rice seeds.
J. Exp. Bot. 63, 2947–2959. doi: 10.1093/jxb/ers006
Yang, L., Hirose, S., Takahashi, H., Kawakatsu, T., and Takaiwa, F. (2012b). Recombi-
nant protein yield in rice seed is enhanced by speciﬁc suppression of endogenous
seed proteins at the same deposit site. Plant Biotechnol. J. 10, 1035–1045. doi:
10.1111/j.1467-7652.2012.00731.x
Yang, P., Li, X.,Wang, X., Chen, H., Chen, F., and Shen, S. (2007). Proteomic analysis
of rice (Oryza sativa) seeds during germination. Proteomics 7, 3358–3368. doi:
10.1002/pmic.200700207
Young, T. E., and Gallie, D. R. (2000). Programmed cell death during endosperm
development. Plant Mol. Biol. 44, 283–301. doi: 10.1023/A:1026588408152
Zi, J., Zhang, J., Wang, Q., Zhou, B., Zhong, J., Zhang, C., et al. (2013). Stress
responsive proteins are actively regulated during rice (Oryza sativa) embryoge-
nesis as indicated by quantitative proteomics analysis. PLoS ONE 8:e74229. doi:
10.1371/journal.pone.0074229
Conflict of Interest Statement:The authors declare that the researchwas conducted
in the absence of any commercial or ﬁnancial relationships that could be construed
as a potential conﬂict of interest.
Received: 05 May 2014; accepted: 15 August 2014; published online: 03 September
2014.
Citation: Arcalis E, Ibl V, Peters J, Melnik S and Stoger E (2014) The dynamic behavior
of storage organelles in developing cereal seeds and its impact on the production of
recombinant proteins. Front. Plant Sci. 5:439. doi: 10.3389/fpls.2014.00439
This article was submitted to Plant Evolution and Development, a section of the journal
Frontiers in Plant Science.
Copyright © 2014 Arcalis, Ibl, Peters, Melnik and Stoger. This is an open-access article
distributed under the terms of the Creative CommonsAttribution License (CCBY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.
Frontiers in Plant Science | Plant Evolution and Development September 2014 | Volume 5 | Article 439 | 12
